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Abstract
Stainless maraging steel has been proven to be an industry standard material for plastic injection
molds. Its high hardness and corrosion resistance extend the lifetime of the tool. This alloy system
is also well-suited to additive manufacturing, which can be utilized to form internal cooling
channels, further increasing tool life. Using Rapid Alloy Development (RAD) Oerilkon METCO is
developing a new composition of stainless maraging tool steel that has high hardness/strength, is
corrosion resistant, and has additive-capable melting and solidification properties. This study tests
the hardness and corrosion resistance of the new RAD alloys against the current market competitor
Corrax in hardness and corrosion resistance across different heat treatments. Hardness was
measured using Rockwell C (HRC) and Vickers microhardness testing and corrosion resistance was
measured using a potentiostat and salt fog spray chamber. Heat treatments were conducted at four
temperatures and two times: 475, 525, 575, and 600°C at both 4 and 8 hours. The form of the novel
and Corrax alloys in this study is a sectioned arc-melted ingot. Following testing, the novel alloys in
peak-aged condition were harder than Corrax by around 5 HRC and had comparable corrosion
resistance, verifying that the novel alloys would be competitive based on these properties.

Keywords
Maraging Steel, Hardness, Corrosion Resistant, Injection Molding, Tool Steel, New Steel Alloy,
Potentiostat, Salt Fog Chamber, Hardness Rockwell, Hardness Vickers, Materials Engineering

4|Page

Contents
Acknowledgements ................................................................................................................................................................ 2
Abstract ....................................................................................................................................................................................... 3
Keywords .................................................................................................................................................................................... 3
List of Figures ............................................................................................................................................................................ 6
List of Tables.............................................................................................................................................................................. 8
1 - Introduction ........................................................................................................................................................................ 9
1.1 - Maraging Steel ........................................................................................................................................................... 9
1.2 - Additive Manufacturing ....................................................................................................................................... 10
1.2.1 – Definition of Additive Manufacturing ................................................................................................... 10
1.2.2 – Economics of Additive Manufacturing.................................................................................................. 10
1.2.3 – Common Types of AM .................................................................................................................................. 11
1.2.4 – Complications with Additive Manufacturing ..................................................................................... 12
1.3 - Processing of Maraging Steel ............................................................................................................................. 14
1.3.1 - Solutionizing .................................................................................................................................................... 14
1.3.2 - Aging of Maraging Steels ............................................................................................................................. 14
1.4 - Properties and Performance .............................................................................................................................. 15
1.4.1 - Strength .............................................................................................................................................................. 15
1.4.2 - Corrosion Resistance .................................................................................................................................... 16
1.5 - Applications of AM Maraging Steels ............................................................................................................... 17
1.6 - Corrax .......................................................................................................................................................................... 17
1.6.1 - Composition and Properties ...................................................................................................................... 17
1.6.2 - Corrosion Behavior ....................................................................................................................................... 18
1.7 – Project Objective .................................................................................................................................................... 20
2 – Experimental Procedure ............................................................................................................................................. 20
2.1 – Solutionizing and Aging ...................................................................................................................................... 20
2.1.1 – Solutionizing .................................................................................................................................................... 20
2.1.2 – Furnace Survey............................................................................................................................................... 21
2.1.3 – Age Hardening ................................................................................................................................................ 22
2.2 – Hardness Testing ................................................................................................................................................... 23
2.2.1 – Solutionized Samples ................................................................................................................................... 23

5|Page

2.2.2 – Post-Aged HRC................................................................................................................................................ 23
2.2.3 – Post-Aged Vickers Hardness Testing .................................................................................................... 24
2.3 – Corrosion Testing .................................................................................................................................................. 24
2.3.1 – Salt Fog Chamber........................................................................................................................................... 24
2.3.2 – Potentiostat...................................................................................................................................................... 25
3 – Results................................................................................................................................................................................. 27
3.1 – Hardness Results.................................................................................................................................................... 27
3.1.1 – Post-Aged HRC Results................................................................................................................................ 27
3.1.2 – Post-Aged Vickers Results ......................................................................................................................... 30
3.2 - Corrosion Testing Results ................................................................................................................................... 31
3.2.1 – Salt Fog Chamber Results........................................................................................................................... 31
3.2.2 – Potentiostat Results ..................................................................................................................................... 32
4 – Discussion.......................................................................................................................................................................... 33
4.1 – Hardness.................................................................................................................................................................... 33
4.1.1 – Rockwell Hardness ....................................................................................................................................... 33
4.1.2 – Vickers Hardness ........................................................................................................................................... 33
4.2 – Corrosion Resistance ............................................................................................................................................ 33
4.2.1 – Salt Fog Chamber........................................................................................................................................... 33
4.2.2 – Potentiostat...................................................................................................................................................... 34
5 – Conclusions ....................................................................................................................................................................... 34
6 – Recommendations ......................................................................................................................................................... 34
References ................................................................................................................................................................................ 35

6|Page

List of Figures
Figure 1 - Commonly accepted view for the current state of tool manufacturing costs of both
additive and conventional manufacturing methods. [4] ....................................................................................... 10
Figure 2 - Part manufacturing cost with additively manufactured tools compared to conventionally
manufactured tools. Even though the initial investment is higher for AM its breakeven point is still
lower than conventional manufacturing. [4] ............................................................................................................. 11
Figure 3 – SEM image of C300 maraging steel AM powder. [5] ......................................................................... 11
Figure 4 – Schematic showing the basics of powder bed manufacturing. In most applications after
the high energy beam forms a layer of the 3D component the substrate lowers, and another thin
layer of powder is spread on top and the high energy beam forms the next layer. [6]............................ 12
Figure 5 – Schematic showing the basics of powder fed manufacturing. Powder fed manufacturing is
a subdivision of directed energy deposition which could be fed by a wire or powder. [6].................... 12
Figure 6 – Images of the structure of a C300 maraging steel specimen produced using additive
manufacturing. Note that the given Z-axis is parallel to the build direction. [8] ........................................ 13
Figure 7 – Hybrid additive manufacturing process diagram. Finishing allowance included to permit
local thermal expansion of workpiece. [9] .................................................................................................................. 14
Figure 8 – Schematic diagrams of a coherent precipitate (a) and incoherent precipitate (b). [1] ...... 15
Figure 9 – General hardening behavior of maraging steels. [1], [11]............................................................... 16
Figure 10 – Sensitization of stainless steel when subjected to increasing temperatures and carboncontaining gases. The black precipitate is chromium carbides. [12] ............................................................... 16
Figure 11 – Photographed samples of corrosion resistant metals after a 100 hour salt spray fog test.
a) Non nitride Corrax and b) nitrided; c) non nitride N695 and d) nitrided; e) non nitrided M340
and f) nitride. [17] ................................................................................................................................................................. 19
Figure 12 – Samples are numbered 1-16 for each combination of composition and solutionizing
temperature. ............................................................................................................................................................................ 20
Figure 13 – Top-down sketch of the furnace survey locations. The testing thermocouple was
inserted through the vent opening and rotated around the furnace. .............................................................. 21
Figure 14 – Samples in their randomized order positioned in zones 1, 3, 4, and 5 shown circled in
red. ............................................................................................................................................................................................... 22

7|Page

Figure 15 – Summary of the various samples used. There were two replicates of each combination
resulting in 128 tested samples....................................................................................................................................... 22
Figure 16 - Locations of the hardness testes taken across the samples, indicated with arrows. ......... 23
Figure 17 – A blue oxidized layer formed on the samples after aging. This was removed prior to
hardness testing. .................................................................................................................................................................... 23
Figure 18 – Five HRC tests were taken across each of the 128 samples in the post-aged condition. 24
Figure 19 – Inside image of the salt fog spray chamber containing 64 samples with randomized
locations. A channel holding samples is indicated with a red rectangle. There are 4 channels in total.
....................................................................................................................................................................................................... 25
Figure 20 – Image (a) is a sample’s appearance pre-sanding, and (b) is the post-sanding appearance.
A majority of the corrosion product is removed, and all samples are treated this way before final
weighing. ................................................................................................................................................................................... 25
Figure 21 – Resin mounted samples ready for the potentiostat testing. Only the portion of the wire
in the electrolyte was covered with liquid tape. It was important to cover the edge of the sample to
reduce any unwanted corrosion in the crevice of the sample and the resin. ............................................... 26
Figure 22 – Inside of the testing flask. The sample (red), cathode (green), and reference electrode
(blue) are placed closely together during a potentiostat test. Gas production at the sample surface
shows ongoing testing. ........................................................................................................................................................ 27
Figure 23 – The aging behavior of Corrax in HRC vs aging temperature. Error bars are the standard
error of the mean and the hardness goal for the novel alloys is shown as a dotted red line. ................ 28
Figure 24 - The aging behavior of X16 in HRC vs aging temperature. Error bars are the standard
error of the mean and the hardness goal for the novel alloys is shown as a dotted red line. ................ 29
Figure 25 - The aging behavior of X23 in HRC vs aging temperature. Error bars are the standard
error of the mean and the hardness goal for the novel alloys is shown as a dotted red line. ................ 29
Figure 26 - The aging behavior of X27 in HRC vs aging temperature. Error bars are the standard
error of the mean and the hardness goal for the novel alloys is shown as a dotted red line. ................ 30
Figure 27 – Vickers hardness results. The hardness goal is shown as a dotted red line and error bars
are the standard error of the mean. ............................................................................................................................... 31
Figure 28 - Mass loss of each composition following testing and cleaning. Error bars are the
standard deviation. ............................................................................................................................................................... 31
Figure 29 – Potential versus log current plots of the three novel compositions compared to Corrax.
....................................................................................................................................................................................................... 32

8|Page

List of Tables
Table I – Maraging steel grades and their respective compositions [3] ........................................................... 9
Table II - Common Defects in Additive Manufacturing and Their Causes [7] .............................................. 13
Table III – Relationship between aging condition and corrosion resistance of C350 in a solution of
phosphoric acid of increasing concentration [14] ................................................................................................... 17
Table IV – Chemical Composition (wt%) of Corrax from the Uddeholm website [15] ............................ 18
Table V– Hardness (HRC) at 525℃ of the Laser Powder Bed-Fused and Wrought Alloys at different
times. [16] ................................................................................................................................................................................. 18
Table VII - Quantitative Corrosion Analysis After 100 Hour Salt Spray Fog Test [17] ............................. 19
Table VII – Furnace Survey Data ..................................................................................................................................... 21

9|Page

1 - Introduction
1.1 - Maraging Steel
Steel is traditionally defined as an alloy of iron and carbon but has come to refer to many alloys that
contain iron as the primary alloying element. Maraging steel is a subset of steels that contain little
carbon (< 0.03 weight %), with nickel as the primary alloying element, often alongside high
amounts of cobalt and titanium, making them significantly more expensive than conventional steels
(Table I). [1] The most common maraging steel composition is C300, with 300 indicating a yield
strength of 300 ksi. C300 is treated as the archetypal maraging steel and has been extensively
studied. [2]
Table I – Maraging steel grades and their respective compositions [3]

Maraging steels exhibit an unusual balance of high fracture toughness and tensile strength and can
be easily welded or machined if properly heat treated. Historically, this balance of properties leads
to the alloy seeing use in structural aerospace parts, where the demand for superior mechanical
properties outweighs its high cost. However, new developments in additive manufacturing are
causing widespread demand for maraging steels partly due to the weldability of the alloy, which
increases part quality when compared to carbon-containing steels. [1]
Structurally, maraging steels are martensitic as opposed to austenitic or pearlitic. This is achieved
by a solutionizing step wherein the steel is fully austenitized and then slowly cooled to a pure
martensitic state. In carbon steels, the kinetics of martensite formation are such that a quenching

10 | P a g e

step is needed to do the same, but the high nickel content in maraging steels acts as a strong
stabilizer of the martensite phase. [1]
After solutionizing, the softness of the iron-nickel martensite allows for parts to be easily machined
to final dimension. Following that, the part is heated to around 500 °C to form micro-sized
intermetallic precipitates in the martensite matrix that strengthen the structure. This step, called
aging, is also shared with some aluminum alloy systems and is the key to the exceptional
mechanical properties of maraging steels. [1]

1.2 - Additive Manufacturing
1.2.1 – Definition of Additive Manufacturing
Additive manufacturing is the process of building a part by layering thin cross-sections of material.
The base material commonly comes in the form of wire stock, powder, and liquid resin precursors;
with layers being deposited by melting or UV exposure.

1.2.2 – Economics of Additive Manufacturing
Commonly accepted views on additive tool and part manufacturing costs can be used to determine
if additive is a good manufacturing method candidate for certain applications (Figures 1 and 2). To
generalize tool manufacturing costs; additive manufacturing has a similar unit cost, regardless of
the number of units manufactured. This is different from conventional manufacturing (CM)
methods. With CM as the number of units increases the unit cost decreases rapidly. Conventional
manufacturing a low number of units cost more than additive manufacturing a low number of units,
making it beneficial for applications such as tool making to use additive processes (Figure 1). To
generalize part manufacturing costs; parts made using an additively manufactured tool are likely to
require a larger initial investment than conventionally manufactured parts. However, as more parts
are produced additive manufactured tools have a lower cost per produced part due to shorter cycle
times and improved cooling (Figure 2).

Figure 1 - Commonly accepted view for the current state of tool manufacturing costs of both additive and
conventional manufacturing methods. [4]
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Figure 2 - Part manufacturing cost with additively manufactured tools compared to conventionally
manufactured tools. Even though the initial investment is higher for AM its breakeven point is still lower than
conventional manufacturing. [4]

1.2.3 – Common Types of AM
The common types of additive manufacturing methods for metals include two groups, powder bed
systems and powder fed systems. Powders of different elements can be mixed to the appropriate
composition for the desired material (Figure 3). Both systems use a powder of the metal alloy’s
composition. In powder bed systems layers of powder are melted together in the build space,
typically by a laser (Figure 4). Once one layer is made the build space is lowered, more powder gets
dispersed above it and the next layer is melted. Powder fed systems feed powder through a nozzle
and melt the powder directly from the nozzle onto the work piece (Figure 5). Powder fed systems
function like typical polymer extrusion 3D printers.

Figure 3 – SEM image of C300 maraging steel AM powder. [5]
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Figure 4 – Schematic showing the basics of powder bed manufacturing. In most applications after the high
energy beam forms a layer of the 3D component the substrate lowers, and another thin layer of powder is
spread on top and the high energy beam forms the next layer. [6]

Figure 5 – Schematic showing the basics of powder fed manufacturing. Powder fed manufacturing is a
subdivision of directed energy deposition which could be fed by a wire or powder. [6]

1.2.4 – Complications with Additive Manufacturing
There are many common defects when using additive manufacturing for metals (Table II). These
complications within additive manufacturing are common and can become costly. These can be
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managed by simulation software that can predict the outcome of the part and by addressing the
causes in Table II.
Table II - Common Defects in Additive Manufacturing and Their Causes [7]

Additively manufactured maraging steels contain both grain boundaries and melt pool boundaries
due to melting the new material on top of the already solid layers, an intrinsic property of additive
manufacturing (Figure 6). These melt pool boundaries provide more modes of failure for the part
and have been seen to contribute to anisotropic plastic deformation.

Figure 6 – Images of the structure of a C300 maraging steel specimen produced using additive manufacturing.
Note that the given Z-axis is parallel to the build direction. [8]

Additive manufacturing also results in poor surface finishes that must subjected to post processing
to be suitable for many applications. This usually involves machining finished prints, which defeats
many of the advantages of additive manufacturing. However, as additive manufacturing has
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matured as a process over the recent decades, hybrid machines which combine 3D printing and
machining have been developed. These machines print a set number of layers and use proprietary
milling bits to machine the printed section to final dimension and surface finish, allowing tight
tolerances while retaining the ability to include complex internal structures (Figure 7).

Figure 7 – Hybrid additive manufacturing process diagram. Finishing allowance included to permit local
thermal expansion of workpiece. [9]

1.3 - Processing of Maraging Steel
1.3.1 - Solutionizing
Solutionizing is heating and slowly cooling the sample such that a single, stable phase results. In
maraging steels, the solutionizing process generally produces purely martensite. This forms a bulk
phase with consistent properties that will result in even precipitation of the hardening phase,
which is discussed in section 1.3.2. Maraging steels are commonly solutionized from 900-1000°C,
with some special grades requiring temperatures above 1100°C.

1.3.2 - Aging of Maraging Steels
In age-hardening alloy systems, the primary strengthening mechanism is the precipitation of small
grains of a selected phase in the bulk material. These grains can vary from the atomic to micro
scales and are commonly intermetallic. The precipitated phase can also be coherent or incoherent,
with coherent precipitates contained within and sharing the structure of the surrounding lattice,
and incoherent being separated from the surrounding lattice, and may have a different structure
(Figure 8).
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(a)

(b)

Figure 8 – Schematic diagrams of a coherent precipitate (a) and incoherent precipitate (b). [1]

In the case of maraging steels, the precipitated phase is nano-sized and intermetallic, being a
mixture of iron, titanium, or molybdenum depending on the alloy system and aging conditions. [11]
Maraging steels are generally aged at temperatures ranging from 400-650°C depending on the
composition and desired final properties of the specific grade. [5] Aging conducted below 450°C
results in highly ordered coherent precipitates, which do not produce the desired amount of
hardening, the mechanism of which will be discussed in section 1.4.1. [5]
During aging, less stable particles are reabsorbed into the bulk and migrate towards more stable
particles, increasing the size and decreasing the number of particles in a process called Ostwald
ripening. [12][13] This is the process that causes age hardenable alloys to decrease in hardness
when overaged.

1.4 - Properties and Performance
1.4.1 - Strength
As stated in the previous section pertaining to aging of maraging steels, the level of strengthening in
the alloy system is dependent on the size and dispersion of precipitates. As aging begins, particles
begin to nucleate in progressively higher numbers, producing a near linear increase in strength.
The strength then will eventually reach a peak, referred to as the peak-aged condition, wherein
nucleation slows considerably, and ripening begins to dominate. After the peak-aged condition,
strength will progressively decrease in a region broadly referred to as the overaged condition.
Large precipitates produced by overaging do not strengthen the steel as effectively (Figure 9).
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Figure 9 – General hardening behavior of maraging steels. [1], [11]

1.4.2 - Corrosion Resistance
Stainless steels resist corrosion due to the presence of alloy elements – chiefly chromium – that
selectively oxidize and form passive surface layers that prevent the further penetration of oxygen
into the bulk of the material. Among conventional carbon-containing stainless steels, the most
common mechanism that threatens its corrosion resistance is sensitization, where carbon combines
with chromium to form intermetallic compounds (Figure 10). [12] This results in a localized
decrease in chromium concentration, which greatly decreases the corrosion resistance.

Figure 10 – Sensitization of stainless steel when subjected to increasing temperatures and carbon-containing
gases. The black precipitate is chromium carbides. [12]
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Maraging steels are inherently resistant to sensitization due to their lack of carbon, making them
excellent candidates for highly corrosion resistant stainless-type alloys. However, they have their
own challenges associated with the aging process.
Precipitated intermetallic compounds that are present in age-hardened alloys tend to have a lower
corrosion resistance then the solid solution that surrounds them. Additionally, the galvanic effect
induced by the differing composition between solvent and solute and the strain field that surrounds
precipitates also worsens corrosion resistance. [13] This results in corrosion resistance decreasing
with increasing aging (Table III).
Table III – Relationship between aging condition and corrosion resistance of C350 in a solution of phosphoric
acid of increasing concentration [14]

1.5 - Applications of AM Maraging Steels
Corrosion resistant maraging steel is well-suited for injection molds of plastics. The corrosion
resistance makes it specifically helpful for plastics that require acids as catalyst or component
because they release volatile corrosive gases upon heating. The corrosion resistant maraging steel
is also well-suited for rubber and medical/food industry molds and extrusion dies. The maraging
steel molds further benefit from additive manufacturing process because it allows for complex
internal geometries that can be used for better cooling during production.
High hardness maraging steels also give the molds a longer tool life. The novel alloys produced by
Oerlikon have been shown to posses a higher hardness than other maraging steel in simulations, so
a lab test is needed to help confirm the practicality of these novel alloys outside of the simulation.

1.6 - Corrax
1.6.1 - Composition and Properties
The novel alloys being developed by Oerlikon Metco are potential competitors with the current
material Corrax from Uddeholm, a Sweedish steel producer. Corrax is the first additive
manufacturing powder made specifically for tooling. The values for the composition of Corrax can
be found on the Uddeholm website (Table IV).
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Table IV – Chemical Composition (wt%) of Corrax from the Uddeholm website [15]

Provider
Uddeholm

Fe
Bal.

Cr
Ni
12.00 9.20

Mo
1.40

Al
1.60

Mn
0.30

Si
0.30

C
0.03

Uddeholm also states a hardness range of 34-50 HRC through different aging conditions. [15]
Trottier and Kreitcberg tested the difference of Corrax’s hardness between its being manufactured
wrought and laser powder bed-fused (LPBF). [16] All samples were solutionized after
manufacturing and then heat treated for different times at 525℃. They determined there was no
statistical difference between LPBF in the XY direction compared to the XZ direction, but using a
two-way Anova statistical significance was found in the difference between wrought and LPBF
(Table V). The found values for both methods however were still relatively close to the
manufacturer’s claims of 34-50 HRC. Brühl and colleges studied the effects of a plasma nitriding
layer on the hardness of Corrax and found that the hardness on the surface went from 580 ± 50
Vickers to 1290 ± 110 Vickers. [17]
Table V– Hardness (HRC) at 525℃ of the Laser Powder Bed-Fused and Wrought Alloys at different times. [16]

1.6.2 - Corrosion Behavior
Along with its high hardness Corrax makes a good tool mold because its corrosion resistance can
last longer against corrosive plastics. Brühl and colleges also studied the corrosion behavior of
Corrax, N695, and M340 with and without the plasma nitriding treating. [17] While plasma
nitriding gave the surface of all materials a much better hardness its affects on corrosion varied.
After a 100-hour salt spray test nitride and non-nitride samples of Corrax, N695, and M340 were
photographed (Figure 11). After being photographed the samples were polished and inspected for
percent affected area and pits and measured on a potentiostat (Table VI). Therefore, both
qualitative (Figure 11) and quantitative (Table VI) information was found. Corrax was more
resistant to corrosion than the other corrosion resistant steels even before the nitriding, and
nitriding affected Corrax the least.
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Figure 11 – Photographed samples of corrosion resistant metals after a 100 hour salt spray fog test. a) Non
nitride Corrax and b) nitrided; c) non nitride N695 and d) nitrided; e) non nitrided M340 and f) nitride. [17]
Table VI - Quantitative Corrosion Analysis After 100 Hour Salt Spray Fog Test [17]
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1.7 – Project Objective
The Rapid Alloy Development division of Oerlikon has developed 3 formulas for a novel alloy that is
predicted to posses superior hardness and comparable corrosion resistance to the current market
leader Corrax, developed by Uddeholm. These predictions arise from computer modelling and
cursory testing and must therefore be verified by further testing of samples in various states of heat
treatment. Current literature on Corrax indicates the novel alloy compositions will likely have
superior performance in current additive manufacturing processes, but little else can be said due to
the absence of literature on the novel compositions. To address this problem, this project will
involve conducting the following tests: hardness testing using the HRC and HV scales, quantitative
corrosion testing using a potentiostat, and qualitative corrosion testing using a salt fog chamber.
The samples used in testing will be the three novel compositions and Corrax, with a portion of each
composition heat treated at either 900°C or 1160°C for one hour. The provided solutionized
samples will then be aged at four temperatures: 475°C, 525°C, 575°C, and 600°C; with each aging
temperature being further divided into four times: 2, 4, 6, and 8 hours. Ideally, the novel
compositions will have a heat-treated hardness of 550 HV/52 HRC and equal or greater corrosion
resistance than Corrax, with all measures being statistically significant.

2 – Experimental Procedure
2.1 – Solutionizing and Aging
2.1.1 – Solutionizing
Samples were solutionized by the project sponsors at Oerlikon. 16 samples of each of the four
compositions were solutionized at 900℃ for 1 hour and another 16 were solutionized at 1160℃ for
1 hour.
Once received a number was engraved on the edge to distinguish between the samples after they
are heat treated (Figure 12). This way samples can be compared individually after aging.

Figure 12 – Samples are numbered 1-16 for each combination of composition and solutionizing temperature.

21 | P a g e

.

2.1.2 – Furnace Survey
Before age hardening a furnace survey was conducted at 400℃ and 600℃ on the Cal Poly MATE
Department’s high temperature furnaces. All of the aging temperatures lie between these
temperatures. The furnaces have a thermocouple in the back left (Figure 13). The temperature was
measured at eight different locations in the furnace with a separate thermocouple while the display
was reading 400℃ and 600℃ respectively (Table VII). Locations 1,3,4, and 5 were chosen to treat
our samples in as they were consistent and similar to or mirrored to the thermocouple in the back
left.

Figure 13 – Top-down sketch of the furnace survey locations. The testing thermocouple was inserted through
the vent opening and rotated around the furnace.
Table VII – Furnace Survey Data

Location
Furnace A
@ 400℃
Furnace B
@ 400℃
Furnace A
@ 600℃
Furnace B
@ 600℃

1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4

Temperature
(℃)
401
394
403
404
396
393
398
401
602
603
604
606
599
595
601
599

Location
5
6
7
8
5
6
7
8
5
6
7
8
5
6
7
8

Temperature
(℃)
407
402
398
399
403
397
390
392
606
606
598
598
605
599
595
598
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2.1.3 – Age Hardening
After solutionizing the samples were age hardened in the MATE department furnaces (Figure 14).
The samples were put in once the furnaces reached the aging temperature and the timer was not
started until the furnace reached the aging temperature with the samples loaded.

Figure 14 – Samples in their randomized order positioned in zones 1, 3, 4, and 5 shown circled in red.

Two samples of each solutionizing temperature and composition were used therefore each
treatment had 16 samples. The samples layout in the furnace was randomized. Samples were aged
at one of four temperatures, 475, 525, 575, and 600℃, and one of two times, 4 and 8 hours (Figure
15).

Figure 15 – Summary of the various samples used. There were two replicates of each combination resulting in
128 tested samples.
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2.2 – Hardness Testing
2.2.1 – Solutionized Samples
Once the solutionized samples were received hardness measurements were taken at three locations
across the sample to provide a good estimation of the overall properties and regularity of samples
before aging (Figure 16). However, large changes in hardness were seen throughout the same
samples. Upon further investigation this data was most likely skewed due to burrs around the
sample’s edge that were not removed and deflected during the hardness test. This variability often
resolved after further testing following the deflection of the burrs, and entirely disappeared after
samples were resurfaced post aging.

Figure 16 - Locations of the hardness testes taken across the samples, indicated with arrows.

2.2.2 – Post-Aged HRC
After aging the samples were resurfaced to remove any contaminants and oxidation and provide an
even base for hardness testing (Figure 17). Five HRC tests were conducted per sample in an even line
that ran along its length (Figure 18).

Figure 17 – A blue oxidized layer formed on the samples after aging. This was removed prior to hardness
testing.
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Figure 18 – Five HRC tests were taken across each of the 128 samples in the post-aged condition.

2.2.3 – Post-Aged Vickers Hardness Testing
The hardest samples from the 525℃ for 4 hours and the 475℃ for 8 hours heat treatment were
used to gather Vickers Hardness data. Vickers data is important to test the uniformity of a sample at
a microscopic level. The 16 samples were mounted in resin and polished with a 6 micron diamond
wheel before being evaluated with Vickers hardness.

2.3 – Corrosion Testing
2.3.1 – Salt Fog Chamber
One of the two replicates for each composition, solutionzing temperature, and aging time were
randomly selected to use in the salt fog chamber. The 525℃ for 4 hours aged samples and the 475℃
for 8 hours aged samples were not randomly selected as the hardest of the two was used for
Vickers microhardness and potentiostat testing. Each sample received a randomized location
within the salt fog chamber (Figure 19). A 5% by mass saline solution was used in the salt fog spray
for a total of 500 hours at 35℃. It is important to note the salt fog machine being used frequently
paused due to over evaporation of the bath and clogging of spray channels with salt crystals. The
bath was filled with water and salt crystals were cleared from the nozzle as they were found
throughout the test. Also, the spray pressure began at 30 psi but the spray nozzle began to leak
throughout the duration of the test resulting in a pressure of 12 psi at the end.
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Figure 19 – Inside image of the salt fog spray chamber containing 64 samples with randomized locations. A
channel holding samples is indicated with a red rectangle. There are 4 channels in total.

After 500 hours of testing, corrosion product was lightly removed from the samples with 240 grit
emery paper and weighed to measure the mass loss at the request of our sponsor (Figure 20).

(a)

(b)

Figure 20 – Image (a) is a sample’s appearance pre-sanding, and (b) is the post-sanding appearance. A
majority of the corrosion product is removed, and all samples are treated this way before final weighing.

2.3.2 – Potentiostat
Potentiostat testing was conducted on the four hardest samples of each solutionizing temperature
and composition at 525℃ for 4 hours and 475℃ for 8 hours age treatments. The same samples used
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for Vickers hardness were used for the potentiostat so they were resurfaced at 600 grit to remove
the Vickers hardness tests and establish a uniform finish across samples. The HRC measurements
were removed during the initial sample preparation for Vickers Hardness. These resin mounted
samples had an electrical wire spot welded to them and both the edges of the samples and the wire
that would be exposed to the electrolyte was covered with liquid tape (Figure 21). A small .5cm by
1cm stencil was used to provide a relatively uniform exposed surface area.

Figure 21 – Resin mounted samples ready for the potentiostat testing. Only the portion of the wire in the
electrolyte was covered with liquid tape. It was important to cover the edge of the sample to reduce any
unwanted corrosion in the crevice of the sample and the resin.

The testing vessel was filled with a solution of 3.5 weight percent saline along with a platinum
cathode and saturated KCl calomel reference anode. A linear voltage sweep from -2 to 0V was used
to identify the corrosion potential of each sample (Figure 22).
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Figure 22 – Inside of the testing flask. The sample (red), cathode (green), and reference electrode (blue) are
placed closely together during a potentiostat test. Gas production at the sample surface shows ongoing
testing.

3 – Results
3.1 – Hardness Results
3.1.1 – Post-Aged HRC Results
The results of HRC testing were plotted as aging curves that show the hardness of each composition
at each solutionization temperature and aging state (Figures 23-26). Including a 900℃ and 1160℃
solutionizing temperature, 4 and 8 hour aging time, and 475℃, 525℃, 575℃, and 600℃ aging
temperatures. Corrax shows a peak age condition for about 4 hours at 525℃ and for 8 hours at 475℃
(Figure 23). The novel alloys X16 and X23 peak age in the same condition as Corrax, while X27 peak
ages earlier at 4 hours for 475℃ (Figures 24-26). There is some variation in the curve shape between
solutionizing temperatures, but it is not as notable as the hardness difference between them for the novel
alloys with X27 demonstrating the largest difference in hardness between the two temperatures and X16
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at 900°C being the only novel alloy to reach the hardness goal at the lower solutionizing
temperature. The 8 hour treatment curves all drop in hardness sooner than the 4 hours treatment curves.
A data point that does not fit the trend of other samples or other processes on the same sample occurs in
X16 with an 1160℃ solutionizing temperature at 525℃ aged for 8 hours. There is a sharp drop in the
samples hardness at this temperature from about 55 HRC to 48 HRC. This same drop was shared in both
of the replicates that underwent the same treatment.

Figure 23 – The aging behavior of Corrax in HRC vs aging temperature. Error bars are the standard error of
the mean and the hardness goal for the novel alloys is shown as a dotted red line.
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Figure 24 - The aging behavior of X16 in HRC vs aging temperature. Error bars are the standard error of the
mean and the hardness goal for the novel alloys is shown as a dotted red line.

Figure 25 - The aging behavior of X23 in HRC vs aging temperature. Error bars are the standard error of the
mean and the hardness goal for the novel alloys is shown as a dotted red line.
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Figure 26 - The aging behavior of X27 in HRC vs aging temperature. Error bars are the standard error of the
mean and the hardness goal for the novel alloys is shown as a dotted red line.

3.1.2 – Post-Aged Vickers Results
The results of Vickers hardness testing were plotted as a bar chart of each aging and solutionizing
condition. The samples tested were the hardest of the 525℃ for 4 hours and 475℃ for 8 hours
treatments (Figure 26). An interesting difference found is between the 4 and 8 hour aging of X23
solutionized at 900℃. This difference was not seen in the HRC tests though which had more data points
and had a replicate for each condition. The difference in hardness between the two temperatures for X23
and Corrax is most notable. An important difference is the gap between the novel alloys 900℃
solutionized hardness and 1160℃ solutionized hardness and lack of the gap in Corrax.
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Figure 27 – Vickers hardness results. The hardness goal is shown as a dotted red line and error bars are the
standard error of the mean.

3.2 - Corrosion Testing Results
3.2.1 – Salt Fog Chamber Results
Salt fog testing results were collected and plotted as an average mass loss for each composition
(Figure 28). A higher mass loss indicates a lower corrosion resistance.

Figure 28 - Mass loss of each composition following testing and cleaning. Error bars are the standard
deviation.
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3.2.2 – Potentiostat Results
Results of potentiostat testing of all samples used for Vickers hardness testing were plotted as
potential versus log current to compare the corrosion potentials of each composition. The novel
alloys were plotted together with Corrax individually to highlight the difference between the two
(Figure 29). Corrax is shown in red in all cases and the novel compositions each have their own
associated color, which is indicated by the legend on the top right of each plot. Each peak
corresponds to a sample’s corrosion potential, with a higher corrosion potential indicating higher
corrosion resistance.

Figure 29 – Potential versus log current plots of the three novel compositions compared to Corrax.
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4 – Discussion
4.1 – Hardness
4.1.1 – Rockwell Hardness
HRC results of the solutionized samples showed a homogeneous solutionization without anomalies
that might come with carbide inclusions or casting defects. Further testing of aged samples proved
that the novel compositions had significantly higher hardness than Corrax, well above the goal
hardness when in the peak-aged state at their 1160°C solutionizing temperature. At the 900°C
solutionizing temperature a drop in hardness was expected and occured in the novel alloys as the
microstructure would not fully form. However, this drop difference varied with X16 being affected
the least, X23 in the middle and, X27 the most. These differences can be attributed to the individual
confidential compositions of the novel alloys.
HRC results were also used to characterize the aging behavior of the alloys, which showed an
overall consistent decrease in hardness past the peak-aged condition due to Ostwald ripening. This
is in agreement with the general properties of maraging steels, and the data provided by Uddeholm
on Corrax. However, X-16 solutionized at 1160°C and aged for 8 hours displayed an unusually quick
drop in hardness that was not seen in any other composition or treatment. The testing done cannot
precisely explain this hardness drop, but suspect it has to do with the variable kinetics in the
composition because the trend was shared in both replicates.
The sooner drop in hardness shown in the 8 hour treatments is due to the longer treatment at that
temperature over aging and enlarging the precipitates too much causing a hardness decrease.
Additionally, an aging time of 4 hours and aging temperatures of either 475 or 525°C were
sufficient to reach an approximately peak-aged condition for every composition. Variation in peak
aging time can be attributed to the alloy’s individual compositions.

4.1.2 – Vickers Hardness
Vickers hardness testing data reinforced the results of initial testing done by Oerlikon, being that
the novel compositions had significantly higher peak hardness than Corrax and well above the goal
hardness. Additionally, the results with Corrax were closely aligned with data provided by
Uddeholm, supporting the quality of the test. Difference found between the 4 and 8 hour treatments
of X23 and Corrax can also be attributed to the variable kinetics occurring in the compositions.

4.2 – Corrosion Resistance
4.2.1 – Salt Fog Chamber
The mass loss results of the salt fog chamber were compared with one-way ANOVA testing, which
concluded that the results were not statistically significant. This leads to the conclusion that each
composition is comparatively corrosion resistant. However, this test is not sensitive to minute
changes in corrosion resistance and the registered mass loss is incredibly small due to the high
corrosion resistance of the alloy. Thus, any conclusions made from the results of this test are not
definitive.
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Qualitative inspections were also done by listing out samples that appeared more or less resistant
but there were no trends in the qualitative analysis.

4.2.2 – Potentiostat
The corrosion potentials of each novel composition were all higher than those of Corrax, indicating
that the novel compositions have a higher corrosion resistance. This result could be due to a higher
chromium concentration in the precipitates of the novel composition, or the presence of different
alloying elements in the bulk material. Interestingly, with X-16, the corrosion potential had a
significant dependence on the heat treatment time, with the 8-hour treatment yielding a less
corrosion resistant sample. This may be due to the presence of a larger volume of precipitates in the
8-hour aged samples, increasing the galvanic action on the sample surface. However, this behavior
is not consistent across all compositions, so further study is needed to fully explain this
phenomenon.

5 – Conclusions
1. The novel alloy compositions demonstrated superior hardness to Corrax especially at the
1160℃ solutionizing temperature. Corrax had a measured maximum at 49.5 HRC, X16 at 55
HRC, X23 at 54.5 HRC, and X27 at 55 HRC.
2. The novel alloy compositions were comparable in corrosion resistance to Corrax with no
difference seen in the salt fog results and a higher corrosion potential in the novel alloys,
hinting at a slightly higher corrosion resistance.
3. Four-hour age hardening at 475°C and 525°C provided sufficient hardening above the 52
HRC / 550 Vickers hardness goal.
4. The different solutionizng temperatures affect the RAD alloys in different magnitudes. X27
sees the most benefit from the 1160°C solutionizing temperature from 50 HRC to 55 HRC.
X23 raises from 51.5 HRC to 54.4 HRC and X16 raises from 53.5 HRC to 55 HRC. Meaning
X16 is the only novel alloy to reach the hardness goal at the lower solutionizing
temperature.

6 – Recommendations
1. Tensile tests on samples produced by additive manufacturing should be conducted to verify
that the novel compositions possess superior strength even when manufactured with a
different method.
2. The effects of aging time and temperature on corrosion resistance should be further
explored using potentiostat testing.
3. Additional hardness testing of X-16 solutionized at 1160°C and aged for 8 hours should be
conducted to address the inconsistencies shown in our results.
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